Idiopathic membranous nephropathy (MN) is associated with HLA; however, the HLA allele involved remains unknown. To identify the HLA risk alleles associated with phospholipase A2 receptor (PLA2R)-related MN in the Chinese population, we sequenced the entire MHC region in DNA samples from 99 patients with PLA2R-related MN, 50 patients with PLA2R-unrelated MN, and 100 healthy subjects. Two HLA risk alleles, HLA-DRB1*15:01 and HLA-DRB3*02:02, independently and strongly associated with an increased risk of PLA2R-related MN. After adjusting for HLA-DRB1*15:01 and HLA-DRB3*02:02, no other alleles showed significant association with PLA2R-related MN. A replication study in an independent cohort of 293 participants with PLA2R-related MN and 285 healthy controls validated these findings. In a joint analysis, a multivariate logistic regression model confirmed that HLA-DRB1 
Idiopathic membranous nephropathy (IMN) is an organ-specific autoimmune disease and a major cause of adult nephrotic syndrome. Over the past few years, great advances have been made in understanding the pathogenesis of membranous nephropathy (MN) due to the identification of podocyte autoantigens. The phospholipase A2 receptor (PLA2R) has been identified as the main podocyte antigen in IMN, 1 and approximately 70% of affected individuals have circulating antibodies against PLA2R. 2, 3 An understanding of how particular HLA alleles at high resolution confer susceptibility is essential for a comprehensive understanding of the pathogenesis of autoimmune diseases. 4 Identifying HLA risk alleles is also important to develop antigen-specific therapies for patients with autoimmune diseases. Using the candidate gene approach, previous studies have shown that IMN is associated with HLA class 2 genes. [5] [6] [7] [8] [9] [10] Recently, a genome-wide association study (GWAS) has shown strong associations of the 6p21 HLA-DQA1 and 2q24 PLA2R1 loci with IMN in patients of European ancestry. 11 However, this GWAS had an insufficient variant density to define the associations between IMN and high-resolution HLA alleles. 12 More importantly, there are various podocyte autoantigens in IMN, including PLA2R, neutral endopeptidase, THSD7A, and other unknown antigens. 3, [13] [14] [15] Each HLA molecule binds to sets of peptides with particular sequences or physical features and presents them on the cell surface for recognition by T cells via T cell receptor engagement. Thus, each autoantigen in IMN could have its own particular HLA risk alleles. Because previous studies did not exclude patients with PLA2R-unrelated MN, 11, 16 the enrollment of patients with different autoantibodies may greatly reduce the statistical power and decrease the estimated effect size. 17 The identification of PLA2R as the main podocyte autoantigen in IMN makes it possible to precisely define a homogeneous subgroup of patients with IMN in whom the pathogenesis of the disease is associated with PLA2R antibodies. In this study, patients who were positive for both serum anti-PLA2R antibodies and glomerular PLA2R antigen staining were classified as having PLA2R-related MN, whereas patients who were negative for both were classified as having PLA2R-unrelated MN. Previously, we performed a microarray analysis of microdissected glomeruli from 44 biopsy renal tissues from patients with MN (23 with PLA2R-related MN and 20 with PLA2R-unrelated MN) and 21 paracancerous renal tissues as normal controls from patients who underwent a nephrectomy for renal cancer. We found that the expression of HLA-DRB5 showed the most significant change of all of the differentially expressed mRNAs among the three groups (Supplemental Figure 1 , Supplemental Table 1 ). Because not all people within the population carry the three additional distinct HLA-DRB genes (HLA-DRB3/4/5), the DRB5 signal in the microarray analysis manifested as an all or none expression pattern. The patients with PLA2R-related MN had a higher frequency of HLA-DRB5 (82.6%) than the patients with PLA2R-unrelated MN (10%) and normal controls (33.3%), indicating that some particular HLA-DRB5 alleles or HLA-DRB5-linked HLA alleles are strongly associated with the pathogenesis of PLA2R-related MN. These results also suggest that there were different HLA risk alleles between PLA2R-related MN and PLA2R-unrelated MN. In this study, to precisely identify the particular HLA risk alleles associated with PLA2R-related MN, we conducted a full human HLA gene capture sequencing study and validated the associations in an independent cohort of patients.
RESULTS
Association Testing for Whole HLA Alleles in the Discovery Samples To initially explore which particular HLA alleles confer susceptibility to PLA2R-related MN, 249 DNA samples (99 patients with PLA2R-related MN, 50 patients with PLA2R-unrelated MN, and 100 healthy controls) were captured for sequencing of the entire HLA region of the human genome (Supplemental Tables 2 and 3 ). The patients and controls were genetically well matched (Supplemental Figures 2 and 3 ). All HLA genes from the 249 samples were successfully genotyped at a four-digit resolution. In total, 290 four-digit resolution HLA alleles were detected, and no novel HLA alleles were discovered. We first performed the associations for HLA alleles in patients with PLA2R-related MN. Of the detected HLA alleles, six of them (DRB1*15:01, DRB5*01:01, DQA1*01:02, DQB1*06:02, DRB4*01:03, and DRB3*02:02) were significantly associated with PLA2R-related MN (Figures 1A and 2A, Supplemental Figure 1B ). Three alleles closely linked to HLA-DRB3*02:02 (DRB1*03:01, DQB1*02:01, and DQA1*05:01) were marginally associated with the disease (Figures 1B and 2B) . 18, 19 Because the HLA-DRB3*02:02 was the most significant signal, we defined the HLA-DRB3*02:02-DRB1*03:01-DQB1*02:01-DQA1*05:01 haplotype as the HLA-DRB3*02:02 haplotype. Moreover, we found that the OR of HLA-DRB3*02:02 was obviously increased from 4.0 (95% CI, 2.2 to 7.2) to 18.3 (95% CI, 5.4 to 62.3) after the adjustment analysis. The effect of HLA-DRB1*15:01 remained significant in all models. The NMDP database 19 showed that the frequency of the HLA-DRB3*02:02-DRB1*15:01 haplotype was ,0.001% in various populations, indicating that HLA-DRB3*02:02 and HLA-DRB1*15:01 are not of the same haplotype in worldwide populations. After further adjusting for HLA-DRB1*15:01 and HLA-DRB3*02:02, none of the other HLA alleles retained their independent associations with PLA2R-related MN ( Figures 1C  and 2C ).
HLA-DRB1*15:01 was present in 81.8% of patients with PLA2R-related MN and 21.0% of healthy controls, whereas HLA-DRB3*02:02 was present in 60.6% of the patients and 28.0% of the controls. The frequencies of HLA-DRB1*15:01 and HLA-DRB3*02:02 in healthy controls in this study were similar to those in Chinese volunteers from the bone marrow donor program. 19, 20 Remarkably, of the 18 patients who were negative for the HLA-DRB1*15:01 allele, all were positive for HLA-DRB3*02:02. Thus, all of the patients (100%) with PLA2R-related MN in the discovery cohort carried at least one of the two HLA risk alleles (HLA-DRB1*15:01 and/or HLA-DRB3*02:02). We also analyzed the associations for single-nucleotide polymorphisms (SNPs) and amino acid variants with PLA2R-related MN in the discovery samples. We found that SNPs and amino acid variants linked with the two HLA risk alleles were also independently associated with PLA2R-related MN (Supplemental Figure 4) . We also used a multiplicative genetic model in the logistic regression and obtained similar results for the HLA alleles and SNP/amino variants (Supplemental Figure 5) . Taken together, we preliminarily identified two risk HLA alleles, HLA-DRB1*15:01 and HLA-DRB3*02:02, that were strongly and independently associated with an increased risk of PLA2R-related MN.
To assess the allele frequency of these HLA alleles in patients with PLA2R-unrelated MN, 50 patients with PLA2R-unrelated MN were also enrolled in the discovery study ( 
Independent Replication Study and Combined Analyses
To validate the HLA risk alleles of PLA2R-related MN that we identified in the discovery study, we selected and genotyped the five most strongly associated HLA genes (HLA-DRB3, HLA-DRB5, HLA-DRB1, HLA-DQA1, and HLA-DQB1) in an independent sample of Han Chinese individuals (293 patients with PLA2R-related MN and 285 controls). The patients with PLA2R-unrelated MN were not enrolled in the validation study, because the main goal of this study was to identify the HLA risk alleles associated with PLA2R-related MN. All patients were successfully genotyped at a four-digit resolution, except for two patients in the HLA-DQB1 loci. There were 80 total HLA alleles detected in the replication study. Seven novel HLA alleles were identified, four of which were in the HLA-DQB1 loci and three of which were in the HLA-DQA1 loci. As with the discovery samples, HLA-DRB1*15:01 presented the strongest signal, and HLA-DRB3*02:02 showed the second strongest signal (Figure 2 , D-F, Supplemental Table 5 ). The three HLA-DRB1*15:01-linked alleles and the three HLA-DRB3*02:02-linked alleles also showed significant but weaker signals.
The combined analyses of the 392 patients with PLA2R-related MN and 385 healthy controls were consistent with separate analyses of the discovery and replication samples (Figure 2 , G-I, Supplemental Table 6 ). The most significant independent signals were observed for HLA-DRB1 ) showed stronger associations than their univariate counterparts.
We evaluated the effects of both independent HLA risk alleles in combination on the risk of developing PLA2R-related MN ( Figure  3 Figures 8 and 9 ). In addition, patients with HLA-DRB1*15:01 2 DRB3*02:02 + had higher levels of circulating anti-PLA2R antibodies, lower eGFR, more global glomeruli sclerosis, and more severe interstitial fibrosis than patients with HLA-DRB1*15:01 + DRB3*02:02 2 . Other parameters, including sex, serum albumin, and proteinuria, were not statistically significantly associated with these two HLA risk alleles. The demographic and clinical data on the basis of the HLA-DRB3*02:02 in patients with PLA2R-unrelated MN were also analyzed, but no significant associations were observed (Supplemental Tables 7 and 8 ).
DISCUSSION
In this study, we sequenced the whole HLA region and identified two independent risk HLA alleles: the HLA-DRB1*15:01 and HLA-DRB3*02:02, both of which are strongly and independently associated with PLA2R-related MN in the Chinese population. Individuals carrying HLA-DRB1*15:01 and/or HLA-DRB3*02:02 had a 99-fold increased odds of developing PLA2R-related MN compared with those who do not carry either of these HLA risk alleles. More importantly, we found that almost all patients with PLA2R-related MN (98.7%) carried at least one of these two HLA risk alleles. The largest differences between our study and previously reported association studies in MN were due to the homogeneity of the patients enrolled in this study. Phenotype resolution is a major determinant of the success or failure of largescale genetic studies. 21 An imprecise phenotype could reduce the power to localize susceptibility variants and greatly decrease the estimated risks attributed to generic variation. 17, 22 There are various podocyte autoantigens in patients with IMN. [13] [14] [15] To identify HLA risk alleles that are precisely associated with PLA2R-related MN, the qualifying patients enrolled in this study were positive for both serum anti-PLA2R antibodies and PLA2R antigen staining in glomeruli.
Another difference between our study and previously reported HLA associations in MN is that we captured and sequenced the full HLA region, which allowed us to analyze the associations for all high-resolution HLA alleles. 23 There is no evidence that novel rare HLA alleles are associated with the development of PLA2R-related MN, because we did not detect any novel HLA alleles in patients during the discovery study and only identified several novel HLA alleles in the replication study. Notably, although all copies of chromosome 6 in the population contain the DRB1 locus, most (but not all) DRB loci have an expressed second DRB locus, which can include DRB3, DRB4, or DRB5. The loci of HLA-DRB3/4/5 are in close proximity to those of HLA-DRB1; thus, the alleles between HLA-DRB3/4/5 and DRB1 are tightly linked. For example, HLA-DRB1*15:01 is almost exclusively linked with HLA-DRB5*01:01 in most ethnic populations, which explains the most significant signal observed in the gene expression profile of microdissected glomeruli in our previous study. The full sequencing of the entire HLA genome was important for identifying the independent risk allele HLA-DRB3*02:02. Recently, two other studies used the candidate gene approach and showed that HLA-DRB1*1501 is an HLA risk allele in Chinese and Japanese populations. 9, 10 Because the typing of the HLA-DRB3 gene was not performed, the risk of HLA-DRB3*02:02 was not identified in these two studies.
Recently, a GWAS of MN showed that the HLA-DRB1*03:01-DQA1*05:01 haplotype, which is linked with HLA-DRB3*02:02, was associated with MN in European whites; however, HLA-DRB1*15:01 was not identified in that study. 16 Several reasons might explain the different findings between this study and our results. First, there might be different risk HLA alleles between Asian and European white patients, because previous studies also showed that HLA-DRB1*15:01 is associated with IMN in both Chinese and Japanese patients. 9, 10 Second, the study of European whites did not exclude patients with PLA2R-unrelated MN. Our data show that the HLA risk alleles are different between patients with PLA2R-related MN and those with PLA2R-unrelated MN. Also, our data show that PLA2R-unrelated MN is associated with HLA-DRB3*02:02 but not HLA-DRB1*15:01. Third, another possible reason is that the age of patients enrolled is different between the two studies. Patients were 52.5613.3 years old at the time of diagnosis in the study of European whites, which was obviously older than age of patients enrolled in this study (43.4616.3 year old). 16 We found that patients carrying HLA-DRB1*15:01 2 DRB3*02:02 + are most likely to develop the disease at approximately 55 years of age, whereas patients carrying HLA-DRB1*15:01 + DRB3*02:02 2 are more likely to develop the disease at a younger age.
As is the case in other autoimmune diseases, most individuals who carry high-risk alleles do not develop PLA2R-related MN. Therefore, other environmental factors or precipitating events must converge to trigger the disease. Precipitating events might include incidental infection and/or purely stochastic processes that lead to the emergence and expansion of T and B cells with their respective disease-causing T and B cell receptor repertoires. 24 The structure of HLA molecules is important for understanding of the pathogenesis of autoimmune diseases, because HLA molecules determine which fragments of an autoantigen will be presented on the surface of antigenpresenting cells for subsequent recognition by T cells. SNPs in PLA2R1 on chromosome 2 have been previously reported to be associated with the occurrence of IMN, and a strong interaction between HLA and PLA2R1 was observed in this disease. 11 In this study, we also genotyped the SNP rs35771982 within PLA2R1, which encodes an amino acid substitution (His300Asp) in the first C-type lectin-like domain of PLA2R. We found that as many as 99.5% of patients with PLA2R-related MN carried genotype GC or GG at rs35771982 compared with 91.4% of healthy controls (Supplemental Tables 9-11) . Recently, studies showed no difference in the binding of anti-PLA2R antibodies to wild-type PLA2R and His300Asp-PLA2R. 25, 26 Meanwhile, rare genetic variants within PLA2R1 are unlikely to contribute to the pathogenesis of MN. 27 These findings indicate that polymorphisms of PLA2R1 are not related to the B cell epitope; instead, these polymorphisms could be related to the T cell epitope in the development of the anti-PLA2R autoantibodies. Future studies are needed to determine the T cell epitope of PLA2R when HLA-DRB1*15:01, HLA-DRB3*02:02, or both risk alleles are present.
It is important to notice that our findings are on the basis of the population genetics of Han Chinese patients and need validation in various populations. It remains unknown whether HLA-DRB1*15:01 is also an HLA risk allele for young-onset PLA2R-related MN in European whites. Moreover, the relationship between the two HLA risk alleles and the development of the disease is complex due to the high degree of LD between alleles in the HLA region. In most ethnic populations, HLA-DRB1*15:01 is strongly linked with HLA-DRB5*01:01-DQA1*0102-DQB1*0602, whereas HLA-DRB3*02:02 is strongly linked with HLA-DRB1*03:01-DQA1*05:01-DQB1*02:01. Although all HLA loci were sequenced in the discovery cohort and HLA-DRB1*15:01 and HLA-DRB3*02:02 had stronger effects than the other alleles in both discovery and validation cohorts, direct biologic evidence of the causal HLA alleles is necessary to further elucidate this phenomenon. In addition, we also found that HLA-DRB3*02:02 is the most significant signal for PLA2R-unrelated MN. However, this association requires replication in larger cohorts of various ethnic populations, because there were various autoantigens in PLA2R-unrelated MN, and each autoantigen might have its own particular HLA risk alleles. Thus, the HLA risk alleles in PLA2R-unrelated MN need additional investigation, especially if the unknown podocyte autoantigens were identified in the future.
In conclusion, we found that the HLA-DRB1*15:01 and HLA-DRB3*02:02 alleles are independently and strongly associated with PLA2R-related MN in the Chinese population. Virtually all patients with PLA2R-related MN carry either or both of the HLA-DRB1*15:01 and HLA-DRB3*02:02 alleles, suggesting that having either the HLA-DRB1*15:01 or HLA-DRB3*02:02 allele may be necessary but not sufficient for PLA2R-related MN development in the Chinese population. Additional direct biologic evidence of the causal HLA alleles should be obtained in the future.
CONCISE METHODS

Participants and Samples
In total, 573 patients who were diagnosed with biopsy-proven IMN between December of 2011 and December of 2013 were screened for this study from the Nanjing Glomerulonephritis Registry Study (Supplemental Figure 2 ). All of these patients were clinically ruled out for secondary MN, including positive antinuclear antibodies, hepatitis B virus infection, and cancer. Patients who were positive for both serum anti-PLA2R antibodies (.20 RU/ml) and glomerular PLA2R antigen staining were defined as PLA2R-related MN in this study, whereas patients who were negative for both markers were defined as PLA2R-unrelated MN. Serum anti-PLA2R antibody levels were detected by ELISA, and glomerular PLA2R antigen staining was detected by immunofluorescence as described previously. 28 To further reduce the heterogeneity, 131 patients negative for serum anti-PLA2R antibodies but positive for glomerular PLA2R antigen staining and five patients positive for serum anti-PLA2R antibodies but negative for glomerular PLA2R antigen staining were also excluded in this study. Five patients were excluded due to lack of a DNA sample, and two patients were excluded because of the low DNA quality. Finally, a total of 392 patients with PLA2R-related MN (99 patients in the discovery analysis and 293 patients in the replication analysis) and 50 patients with PLA2R-unrelated MN were enrolled in this study. A total of 385 ethnically matched healthy control samples were also include from the biobank (100 individuals in the discovery analysis and 285 in the replication analysis) (Supplemental Table 2 ). The research protocol was approved by the Institutional Review Board of the Jinling Hospital, Nanjing University and conducted according to the principles of the Declaration of Helsinki. Written informed consent was obtained from all participants. All human renal and blood specimens were obtained from the Biobank of the National Clinical Research Center of Kidney Diseases at Jinling Hospital.
HLA Target Sequence, HLA Typing, Variant Calling, and Quality Control All samples in the discovery cohort were captured by using an HLA array. 18, 23 The HLA region located at 6p21.3 contains .200 genes, including the HLA class 1 genes (HLA-A, HLA-B, and HLA-C), class 2 genes (HLA-DRB1 and HLA-DQB1), and other nonclassic HLA genes. 29, 30 We sequenced the target to 99-fold with a coverage of 97% of the HLA region in 199 samples (Supplemental Table 3 ). Target sequencing was performed on the HiSEquation 2000 platform to generate 100-bp paired end reads.
HLA typing in the discovery cohort was performed by SOAP-HLA. 18, 23 The following HLA genes were typed: HLA-A, HLA-B, HLA-C, HLA-E, HLA-F, HLA-G, HLA-H, HLA-J, HLA-K, HLA-L, HLA-P, HLA-V, HLA-DRA, HLA-DRB1, HLA-DQA1, HLA-DQB1, HLA-DPA1, HLA-DPB1, HLA-DMA, HLA-DMB, HLA-DOA, HLA-DOB, HLA-MICA, HLA-MICB, HLA-TAP1, and HLA-TAP2; those are the most polymorphic genes in the HLA region. The amino acid sequence of each HLA allele was determined according to the IMGT/HLA database (Release 3.22.0). Additionally, HLA-DRB3, DRB4, and DRB5 were typed by using an algorithm in SOAP-HLA. 18 Notably, only one or none of the HLA-DRB3, HLA-DRB4, and HLA-DRB5 haplotypes could exist on the same chromosome, indicating the presence of copy number variations in the HLA-DRB3/ 4/5 loci. The determination of copy number variations for HLA-DRB3/4/5 was on the basis of a ratio that was calculated by using the mean depth of one gene in contrast to the mean depth of the entire HLA region. According to the MHC haplotypes project, HLA-DRB3 and HLA-DRB4 do not exist in PGF haplotypes; thus, we located the variation of the positions of HLA-DRB3 and HLA-DRB4 relative to the distance to HLA-DRB1. In the replication study, five selected HLA genes (HLA-DRB1, HLA-DQB1, HLA-DQA1, HLA-DRB3, and HLA-DRB5) were typed using the Sanger platform in BGI-Shenzhen.
The samples were aligned to the NCBI human genome reference assembly (GRCh37) by using BWA (version 0.5.9). The parameters were "-o 1 -e 63 -i 15 -L -k 2 -l 31 -t 2 -q 10 -I." The BAM file was produced using SAMtools (version 0.1.17), and GATK (version 1.4) was used to precisely call SNPs and InDels to perform a realignment around known InDels identified by the 1000 Genomes Project. After the initial variant calls were generated, we enacted a strict filtering to identify credible SNPs and InDels using the following criteria: (1) a call rate of 90% (sites with a depth four or more times were treated as high quality, whereas those not meeting this criterion were considered to be missing); (2) a major allele frequency .0.01; and (3) a Hardy-Einberg test P value . 1310 24 in the controls. Annovar 31 was used to annotate the SNPs and InDels according to their genetic locations and expected effects on encoded gene products on the basis of information from the RefSeq database.
Statistical Analyses
Logistic regression with dominant, and multiplicative models were used to test the association of the HLA alleles, SNPs, and amino acid variants in the discovery study. For each HLA allele and amino acid variant in the dominant model, the association was analyzed with the use of a group of biallelic tests for every HLA allele and amino acid, which were marked as present or absent. 32 To assess candidate independent effects outside of the HLA alleles identified in the univariate logistic analysis, we included the most significant HLA alleles as covariates to test all of the other markers in a multivariate logistic analysis. If other independently associated HLA alleles were identified, we further included them as additional covariates in subsequent multivariate analyses to identify additional independent effects. The Bonferroni correction was used to control for multiple testing; the association tests applied for the HLA alleles were adjusted at P, 1310 25 and the association tests applied for the SNPs and amino acid variants were adjusted at P,1310 27 . All association analyses were performed by means of PLINK software (version 1.07). The J Am Soc Nephrol 28: ccc-ccc, 2016 HLA Risk Alleles in Membranous Nephropathy association analysis for the baseline demographic and clinical data from the time of renal biopsy included eGFR, albumin levels, 24-hour protein levels, and the serum anti-PLA2R levels. Nonparametric variables are expressed as median (range or interquartile range) and were compared using either the Mann-Whitney or the Kruskal-Wallis test. Qualitative data are described as percentages and were analyzed using either the chi-squared or the Fisher exact test.
